The parity-allowed two-photon transitions between the ground state 3 A 2 (T 2 ) of the configuration 3d 8 in cubical symmetry and the excited states of the same configuration are obtained via a simple model. This model is developed in a symmetry adapted framework by using second-order mechanisms and ionic wave-functions. It is applied to the recent experimental results obtained by McClure and co-workers for Ni 2+ in MgO.
I. INTRODUCTION
In recent years, two-photon absorption spectroscopy of partly-filled shell (rareearth and transition-metal) ions in solids have received a great deal of attention. Major achievements have been done both from an experimental and theoretical viewpoint (see, for instance, Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The main theoretical developments concern : (i) the use, in addition to the Axe second-order mechanism, of higher order mechanisms describing spin-orbit, crystal-field, ligand polarizibility, and electron correlation effects and (ii) the application of symmetry adaptation techniques. More specifically, it has been shown recently how quantitative, rather than only qualitative, 2 symmetry considerations can be used to obtain the polarization dependence of a two-photon absorption between two Stark (rather than [ 2S+1 L] J ) levels.
8,9,11
Recently, results on two-photon spectroscopy of Ni 2+ in MgO have been reported by 12 and by McClure and co-workers. 13 It is then the aim of the present paper to further contribute to test theoretical models for analysing two-photon spectroscopy by using the fresh data of Ref. 13 .
Moncorgé and Benyattou
We shall develop, in Secs. II and III, a simple quantitative model for dealing with the d 8 (or d 2 ) configuration in octahedral symmetry. The results provided by this model for MgO:Ni 2+ are given in Sec. IV and discussed in Sec. V.
II. THEORY
The transition matrix element M i→f for a two-photon absorption between an initial state i and a final state f is given by the Göppert-Mayer formula
where the sum on v extends over all intermediate states. In Eq. (1), E v denotes the energy of the state v with respect to the one of the state i. Here, we consider two identical photons and use single mode excitations of the radiation field with energyhω, wave vector k, and unit polarization vector E. Equation (1) is derived in the framework of the dipolar approximation and D refers to the dipole moment operator for the eight electrons of the configuration 3d 8 while D. E stands for the scalar product of D and E.
The sum on v in (1) can be handled by using a quasi-closure approximation. 
The polarization dependence in Eq. (2) is given by the tensor product {EE} (k) where k can be only 0 and 2 for identical photons. The electronic dependence is contained in the double tensor W (k S k L )k of spin rank k S , orbital rank k L , and total rank k.
The electronic and polarization parts are coupled together through the scalar product (.) occuring in (2) . The parameters 
where E(n ′ ℓ ′ ) is an average energy arising from the quasi-closure approximation.
In Eq. (2), the contribution (k S = 0, k L = 2, k = 2) described by (3) corresponds to the second-order mechanism first introduced by Axe. 
Let us now describe the state vectors to be used for calculating the matrix elements of H ef f . The initial state vectors can be developed as
in terms of symmetry adapted state vectors
where the reduction coefficients (JM |JΓγ) allow to pass from the chain SO ( 
The c parameters in (4) and (6) 
where
is a coupling coefficient adapted to the chain SO(3) ⊃ O.
The next step is to calculate the intensity strength
The sum on γ and γ ′ in (9) can be handled by employing : (i) the factorization property 14 for the f coefficients and (ii) the so-called orthonormality-completeness property 15 for the Clebsch-Gordan coefficients of the group O. This leads to the final result
which is a particular case of the general result reported in Ref. 11 for a configuration nℓ N in symmetry G. The χ coefficients in (10) are given by
with K = k, ℓ. In Eq. (11), the coefficient ( + | ) stands for an isoscalar factor 14, 16 for the chain SO(3) ⊃ O. Equations (10) and (11) take into account the fact that the octahedral group O is a multiplicity-free group (so that no internal multiplicity label β is necessary in (10) and (11)).
The polarization dependence in Eq. (10) is decribed by the symmetry adapted
in terms of the coupled spherical components
where the spherical components (E) q (with q = −1, 0, +1) of the polarization vector
for linear polarization and by
for circular polarization. We shall continue to develop the formalism for a general polarization although the experimental results in Ref. 13 are concerned only with a linear polarization for which the polar angles (Φ, θ) are Φ = π/2 and θ = 0 or π/4 ; this will enable us to make some theoretical predictions in Sec. V.
The number of independent χ parameters in (10) is controlled by the two following rules. First, we have a group-theoretical rule indicating that the sum over Γ ′′ in Eq. (10) is limited by
where (k) and (ℓ) refer to IRC's of the group SO(3) and Γ ′ * ⊗Γ is the Kronecker product of Γ ′ * ≡ Γ ′ and Γ. Therefore, the possible Γ ′′ in (10) 
III. APPLICATION
We now apply the formalism described in Sec. II to the case where
for the initial state and 
where the sum over Γ ′′ is limited to those IRC's E and T 2 occuring in Γ ′ ⊗ Γ. 
in terms of symmetry adapted state vectors of type
From Eqs. (12), (13), and (18), we get
for linear or circular polarization, respectively. Thus, the possible polarization factors in Eq. (17) are
Therefore, Eq. (17) can be expressed as
where Γ ′ = A 1 , A 2 , E, T 1 , T 2 . It should be emphasized that the χ parameters in Eq. (21) depend not only on the symmetry (i.e., Γ ′ ) of the involved final state but also on the corresponding electronic state vectors (cf., Eq. (6)).
The experimental situation described in Ref. 13 corresponds to the wave number k along one cube axis so that Φ = π/2. Therefore, we have
and the θ-dependent intensities S T 2 →Γ ′ with Γ ′ = A 2 , T 2 , T 1 , E, A 1 are
for linear or circular polarization, respectively. In Eq. (23), we have introduced the non-negative parameters
It should be observed that r = 0 if we restrict ourselves to second-order mechanisms.
Equation (23) 
and will serve for testing our theory. We shall also consider ratios, similar to R 1 , defined for any final state of symmetry
where, according to Eqs. (21) and (22), we have
Note that in the case where f = 3 T 2 (Γ ′ = T 1 ), R is nothing but R 1 .
IV. RESULT
The intensity parameters χ[kΓ (11) can be derived by diagonalizing the appropriate Hamiltonian within the configuration 3d 8 . Such a diagonalization has been done by Campochiaro et al. 13 who used the simple model developed by Liehr and Ballhausen. 17 However, the wave-functions in Ref. 13 are given in the strong-field basis and, in order to get the c coefficients, they have to be transformed to the weak-field basis. This can be achieved by means of the transformation matrices set up in Ref. 17 . As a result, the wave-functions corresponding to the sixteen strong-field states considered in Ref. 13 are described in Table I in a weakfield basis.
Looking at Table I , we note that in most cases the dominating weak-field components of the initial state 3 A 2 (T 2 ) can be connected to the dominating weak-field components of the final state via the tensor operator W (02)2 arising in the standard second-order model of intra-configurational two-photon absorption. This is an indication that the second-order mechanism depicted by C[(02)2] in Eq. (11) should be sufficient to interpret the two-photon transitions in the case of Ni 2+ in MgO. We may then limit our analysis to the contribution ( 
which arises by expressing, in the notations of Refs. 15 and 20, the Wigner-Eckart theorem for the groups SO(3) and O in an SO(3) ⊃ O basis.
By following the scheme just described, we finally obtain the values of the χ parameters, the intensity parameters (23), and the intensities (27). These intensities together with the ratio R are presented in Table II .
V. CONCLUSION
We have concentrated in this paper on a model for describing two-photon intra- In the case of linearly polarized photons, the application of the latter formulas to 
